Mucosal immunization with Helicobacter heilmannii urease B or Helicobacter pylori urease, given nasally with cholera toxin, protects BALB/c mice against H. heilmannii infection and significantly reduces a preexisting infection. However, immunization aggravates gastric corpus atrophy. Our results underline the necessity of defining immunization regimens that do not enhance mucosal damage.
Helicobacter heilmannii (previously known as Gastrospirillum hominis) infects the human gastric mucosa. The infection can lead to chronic active gastritis (16, 17) , gastric erosions (1, 3, 8, 15) , and cancers (25, 31) . Several lines of evidence suggest an animal-to-human transmission of H. heilmannii; human and cat strains share morphological and genomic similarities (9, 16) , and most infected people have had contact with domestic animals (20, 29) .
Urease is a highly conserved protein among the gastric Helicobacter species and was successfully used to vaccinate different animals against Helicobacter pylori (18, 19) or Helicobacter felis (6, 14, 21) infections. Our aims were to determine whether mucosal immunization with recombinant H. heilmannii urease B can prevent or cure H. heilmannii infection and to compare the efficies of H. pylori and H. heilmannii ureases as immunogens.
Recombinant H. heilmannii urease B. The gene encoding the B subunit of H. heilmannii urease (ureB) was amplified from DNA extracted from a gastric biopsy of an H. heilmanniiinfected cat. Primers flanked with unique restriction sites and corresponding to positions 930 to 946 and 2636 to 2619 (EMBL L25079) (28) were used for amplification. The amplified fragment was cloned into pQE9 (Qiagen AG, Basel, Switzerland), and the recombinant protein was expressed in Escherichia coli and purified on nickel nitrilotriacetic acid-agarose as previously described (6, 14, 21) . Upon analysis on a Coomassie blue-stained sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel (12% polyacrylamide), the resulting urease B protein (H. heilmannii UreB) displayed an apparent molecular mass of 62 kDa, similar to that of H. pylori urease B (Fig.  1) .
Immunization and gastric tissue analysis. BALB/c mice were nasally immunized four times weekly under light anesthesia with H. heilmannii UreB or H. pylori urease (UreAB; kindly provided by OraVax Ltd., Cambridge, Mass.) together with 5 g of cholera toxin (CT; Calbiochem, La Jolla, Calif. killed by cervical dislocation. One-half of the stomach was used for a semiquantitative urease test (UT), as previously described (6, 14, 21) . The other half of the stomach was fixed in neutral buffered 10% formalin and routinely processed for histology. Five-micrometer-thick sections were stained with hematoxylin and eosin and cresyl violet. Mice were considered protected or cured from Helicobacter infection when both UT and histological analysis were negative. All slides were evaluated by a pathologist blinded to the study code.
Prophylactic immunization. One hundred percent (9 of 9) of the CT-immunized animals were infected by H. heilmannii, as reflected by high numbers of bacteria (median no./10 crypts ϭ 65; range, 15 to 100 [ Fig. 2] ). In contrast, 80% (8 of 10) of the mice immunized with 30 g of H. heilmannii UreB were protected from H. heilmannii infection. Similar results were obtained when the immunogen was 30 g of H. pylori UreAB: 90% (9 of 10) of the animals were protected from H. heilmannii infection. Immunization with H. heilmannii UreB also prevented H. felis infection in 80% (8 of 10) of the animals (Fig.  2) .
Taken together, these data demonstrate that H. heilmannii infection can be prevented by both H. heilmannii UreB and H. pylori UreAB, confirming that protective immunity against Helicobacter infections can be elicited by homologous, as well as heterologous, Helicobacter urease or subunits thereof (21) .
Therapeutic immunization. To determine whether nasal immunization with H. pylori UreAB could treat H. heilmannii infection, H. heilmannii-infected mice were immunized with 30 or 100 g of H. pylori UreAB plus 5 g of CT in two independent experiments. CT-immunized mice remained colonized by large numbers of H. heilmannii bacteria located deep in the gastric pit. Median numbers of 55 (range, 35 to 120) and 100 (range, 20 to 120) per 10 crypts were observed, respectively. None of the H. pylori UreAB-immunized mice cleared the infection, but a three-to fourfold reduction of the bacterial burden was recorded (Fig. 3) . Similar observations have been reported when Helicobacter mustelae-infected ferrets (7), H. pylori-infected monkeys (11), and H. pylori-infected humans (22) were mucosally immunized with urease. It has to be noted, though, that mucosal delivery of 100 g of H. pylori UreAB given to a group of H. felis-infected mice (in parallel to H. heilmannii-infected mice) led to cure of the H. felis infection in 50% (4 of 8) of the animals (Fig. 3) . The use of H. heilmannii recombinant UreB plus CT did not improve the therapeutic capacity of the immunization regimen (data not shown). These results indicate that the treatment of H. heilmannii infection is more difficult to achieve than the treatment of H. felis or H. pylori infection in the murine model (6) .
Histological analysis of the gastric mucosa. As depicted in Fig. 4A and 5A , H. heilmannii infection elicited, in CT-immunized animals, a mild infiltration of polymorphonuclear cells and lymphocytes in the antrum (grade 1), a moderate to severe infiltration in the corpus (grades 2 and 3), and a mild corpus atrophy in 4 of 9 animals. Unimmunized mice responded like CT-immunized animals upon challenge (data not shown). When H. heilmannii UreB or H. pylori UreAB was added to the prophylactic immunization regimen, the degree of inflammation observed in the antrum or the corpus of immunized mice was not significantly different from that of CT-immunized animals, but corpus atrophy was severely aggravated in 70% (7 of 10) of the H. heilmannii UreB-immunized animals (WilcoxonKruskall-Wallis rank sum test; P ϭ 0.0005) (Fig. 5B ) and in 100% (10/10) of the H. pylori UreAB-immunized animals (Wilcoxon-Kruskall-Wallis rank sum test; P ϭ 0.0001).
Therapeutically CT-immunized mice (Fig. 4B ) displayed the same level of antral and corpus inflammation as prophylactically immunized mice, but had less pronounced corpus atrophy (Wilcoxon-Kruskall-Wallis rank sum test; P ϭ 0.035). This atrophy was significantly increased upon H. pylori UreAB immunization (Wilcoxon-Kruskall-Wallis rank sum test; P ϭ 0.02), but was not as severe as the one observed in mice prophylactically immunized with H. pylori UreAB (WilcoxonKruskall-Wallis rank sum test; P ϭ 0.0002). Similar to what was observed in the prophylactic setting, the inflammation present in the antrum and corpus of therapeutically H. pylori UreABimmunized mice was not significantly different from that of CT-immunized animals.
Aggravation of inflammation status has been documented in prophylactically immunized mice challenged with H. felis (14, 21, 26) and has been described as infiltration of immune cells, in particular polymorphonuclear cells and lymphocytes (6) . It has been correlated with the presence of residual bacteria and has been shown to partially resolve upon antibiotic treatment (12). In the case of H. heilmannii-infected mice, the inflammation status is not significantly aggravated by immunization, but corpus atrophy is.
The protective immune mechanisms triggered by mucosal immunization are not fully elucidated. Recent data suggest that protection of mice against Helicobacter infection by immunization with urease is dependent on major histocompatibility complex class II-restricted, cell-mediated mechanisms and that antibody responses are not required (13) . Immunization activates both Th1 and Th2 Helicobacter-specific responses (23, 27) , and it has been hypothesized that these T helper cell responses may be responsible for enhanced gastric inflammation (Th1) and reduced bacterial colonization (Th2) (24) . Besides T-cell infiltration, we and others have observed a significant recruitment of neutrophils and macrophages in immunized mice (13) . One could speculate that these cells once recruited and activated might produce cytokines, nitric oxide, and oxy-radicals and enhance mucosal damage (2, 30) . Alternatively, immunization might potentiate the autoimmune reactions that can occur upon bacterial infection (4, 5, 10) . These reactions might depend on the Helicobacter species, since urease-immunized animals that are challenged or infected with H. felis do not develop corpus atrophy (data not shown).
In summary, the present study shows that nasal immunization with recombinant homologous or heterologous urease prevents H. heilmannii infection in mice and reduces the bacterial load of a preexisting infection. These results confirm the value of urease as a vaccine antigen for the induction of crossreactive immune responses against different Helicobacter species. However, an issue that is very important in Helicobacter vaccine development is being raised: immunized challenged mice and, to a lesser extent, therapeutically immunized animals develop corpus atrophy. Despite recent encouraging results in humans with immunization against H. pylori (22) , this observation should prompt caution and underlines the importance of understanding immune and inflammatory responses in the gastric mucosa. This knowledge will be required for defining immunization regimens and/or antigens containing T epitopes able to elicit the appropriate protective or curative immune response without enhancing the inflammation.
